Grain boundaries in epitaxial graphene on the SiC(0001) substrate are studied using scanning tunneling microscopy and spectroscopy. All investigated small-angle grain boundaries show pronounced out-of-plane buckling induced by the strain fields of constituent dislocations. The ensemble of observations allows to determine the critical misorientation angle of buckling transition θ c = 19 ± 2 • . Periodic structures are found among the flat large-angle grain boundaries. In particular, the observed θ = 33 ± 2 • highly ordered grain boundary is assigned to the previously proposed lowest formation energy structural motif composed of a continuous chain of edge-sharing alternating pentagons and heptagons. This periodic grain boundary defect is predicted to exhibit strong valley filtering of charge carriers thus promising the practical realization of all-electric valleytronic devices.
The unique two-dimensional (2D) structure of graphene endows it with exceptional physical properties and potential applications. 1, 2 Large-area graphene sheets required by technology can be obtained by several scalable production routes such as epitaxial growth on the SiC substrate 3 and chemical vapor deposition (CVD) on metal surfaces. 4 The obtained large-area samples are polycrystalline at micrometer length scales. Grain boundaries (GBs) intrinsically present in polycrystalline graphene significantly affect its properties 5 including electronic conductivity, 6,7 thermal conductivity, 8 mechanical strength 9 and chemical reactivity. 10 Understanding the structure and properties of GBs in graphene is crucial for the development of graphene-based nanoelectronics.
Importantly, the atomic structure of GB defects depends strongly on the details of the synthetic method used for producing graphene. In CVD graphene, transmission electron microscopy experiments have revealed the disordered aperiodic structure of GBs 11, 12 and recently ordered segments exhibiting van Hove Singularities have been observed. 13 In contrast, graphene grown on the SiC(0001) substrate shows a strong tendency towards forming periodic GBs, 14, 15 akin to those found in highly oriented pyrolytic graphite. [16] [17] [18] [19] Investigating ordered one-dimensional defects in graphene is important as such structures have been proposed as a means of controlling electronic transport in graphene, thus realizing novel devices and extending the capabilities of traditional electronics. 20, 21 Moreover, such structures can be used as a testbed for investigating fundamental 2 theoretical predictions regarding 2D materials. One such phenomenon is the buckling transition resulting from the interplay between in-plane stress fields, produced by dislocations constituting the GB defects, and the out-of-plane deformation. [22] [23] [24] In this Letter, we report a comprehensive scanning tunneling microscopy (STM) investigation of GBs in epitaxial graphene on SiC(0001) combining atomic resolution imaging and local spectroscopy. A broad statistics of the observed GBs allowed determining the critical misorientation angle for the transition between flat and buckled regimes. A scanning tunneling spectroscopy (STS) investigation of a highly regular large-angle GB reveals the presence of localized electronic states. First-principles calculations allowed this GB to be assigned to the previously predicted lowest formation energy structural motif composed of a continuous chain of edge-sharing alternating pentagons and heptagons. Non-equilibrium Green's function calculations show that charge carriers transmitted across this periodic defect acquire high valley polarization, thus making it a prospective component of valleytronic devices.
The sample was obtained by annealing a SiC(0001) substrate in UHV at 1300 • C under a Si flux as previously reported. 14, 25 This method produces multilayer graphene samples with a rotational disorder between adjacent layers. The number of layers was larger than five, as verified by Auger spectroscopy. STM/STS measurements were performed using an Omicron Nanotechnology low temperature STM operating under UHV conditions (less than 10 −10 mbar) at liquid nitrogen temperature. Local dI/dV spectra were recorded using a lock-in amplifier with a modulation at 711 Hz and 30 mV amplitude. The sample was introduced into the UHV system and outgassed at a temperature of 880 • C to remove residual adsorbed molecules. All measurements were performed with electrochemically etched tungsten tips. to the convention of Ref. 23 defining misorientation angle in the range 0 • < θ < 60 • (small-angle grain boundaries thus correspond to θ close to 0 • or 60 • ). We note that the observed GBs show some striking differences in appearance. The GB separating domains B and C is characterized by a misorientation angle θ = 33 ± 2 • and exhibits a highly ordered structure with clear atomic-scale periodicity. The two linear segments ca. 5 nm long are separated by 120 • turn and show identical STM topographies. This periodic structure is characterized by a typical height of 0.07 nm at tunneling bias U = 0.75 V. In contrast, the two other GBs separating A and B (θ = 16 ± 3 • ) and A and C (θ = 48 ± 4 • ) exhibit much larger topographic contrasts with typical heights of 0.26 nm and 0.36 nm, respectively, measured at U = 0.75 V. These defects appear as chains of "humps" in which periodicity is respected only approximately. The observed significant topographic contrast is assigned to the out-of-plane deformation. Such buckling in the third dimension represents a physical mechanism unique to 2D systems, which allows relieving the in-plane elastic strain produced by topological defects. 22, 26 The grain-boundary buckling provides a mechanism of relieving the inplane elastic strain created by individual dislocations that constitute one-dimensional GB defects.
The dominant long-range part of this strain field depends on the magnitude of the Burgers vector of dislocations, rather than on the atomic structure of their cores. In large-angle GBs (θ ∼ 30 • ), the distance between neighboring dislocations is comparable to their Burgers vectors, which results in effective mutual cancellation of the strain fields produced by dislocations. Such GBs structures do not undergo buckling. However, for larger and smaller values of GB misorientation angles θ , the distance between neighboring dislocations in GB structures increases, 23 giving rise to buckled structures beyond certain values of critical misorientation angles θ c .
Corrugation induced by well-separated dislocations have been observed in both epitaxial 27 and suspended graphene. 28 In the former case, individual dislocations appear in STM image as humplike features similar to the ones observed in our work.
The total number of investigated GBs is 14, thus allowing us to determine the critical misorientation angle at which transition between flat and buckled regimes takes place. 23 We now focus our attention on the electronic properties of the highly ordered flat GB with θ = 33 ± 2 • discussed above. Figure 3 Fig. 1 ] as shown by the green curve in Fig. 3(e) . Similarly, no dI/dV peak was observed in the case of buckled GB between domains A and B of Fig. 1 [blue curve in Fig. 3(e) ]. The three peaks measured in the dI/dV spectrum are therefore characteristic of the θ = 33 ± 2 • GB. The spatial distribution of the electronic states was probed by mapping the dI/dV signal that corresponds to the local density of states (LDOS). The inset of Fig. 3(e) shows such a conductance map recorded at 0.75 V and projected on the topography image of the GBs. The conductance map clearly shows that the peak at 0.75 V corresponds to an electronic state localized on the linear segments of the GB. Detailed information on the atomic scale variation of the experimental spectroscopy and dI/dV maps are given in the supporting information Fig. S2 .
The measured misorientation angle θ = 33 ± 2 • provides a strong suggestion of the possible structure of this GB. Indeed, a symmetric GB structure with θ = 32.2 • (θ 1 = −θ 2 = 16.1 • ) proposed in Ref. 23 represents a continuous chain of edge-sharing pentagons and heptagons [ Fig. 4(a) ]. (e) dI/dV spectra measured on the graphene sheet (black), on the grain boundary (red), at the kink of the grain boundary (green) and on the buckled grain boundary between domains A and C areas in Fig. 1 (blue) . Inset: Composite 3D topographic image (5×5 nm 2 ) color coded with the conductance map at 0.75 V (blue: low conductance, red: high conductance) showing the area where the dI/dV spectra were measured. 8 Such a structure has been recently observed by STM on graphene on SiO 2 . 13 The dI/dV spectra reported on SiO 2 differ from the spectra we measured on SiC. We attribute this to the difference of sample roughness and structure in proximity to the GB and possibly the difference of supporting substrate. All carbon atoms in this structure maintain their original threefold coordination. Importantly, the observed 120 • turn can be introduced with minimal changes to the arrangement of pentagons and heptagons [ Fig. 4(b) ]. In order to verify this hypothesis we perform first-principles simulations 29 of the STM images within the Tersoff-Hamann approximation. 30 The simulated STM image, assuming bias voltage U = 0.75 V, is shown in Fig. 4(c) . The qualitative features appear to be identical to those of the experimental STM images recorded at positive bias voltages Fig. 4(d) . In particular, we observe a pair of van Hove singularities at positive and negative energies [labeled P 1 at E = −0.55 eV and P 2 at E = 0.25 eV in Fig. 4(d) ], which is characteristic to GBs in graphene. 31 We note, however, that the position of the peaks do not agree with the dI/dV spectrum shown in Fig. 3(e) . This disagreement is likely to be a consequence of compressed energy scales typical to ordinary density-functional-theory calculations as well as due to tip-induced effects. 32 The combination of these two factors shifts both peaks observed in STS measurements to higher absolute energies compared to our first-principles calculations. The experimental counterpart of the negative-energy peak P 1 is likely to be out of scale in the measurements. The simulated dI/dV maps in Fig. 4 (e,f) nevertheless show qualitative agreement with corresponding experimental images [ Fig. 3(a-d) and supporting information Misorientation angle is defined by the orientation of graphene seeds, which is related mostly to the kinetic aspects of the initial stages of the growth process. On the contrary, the atomic structure of GBs can be strongly influenced by local equilibrium aspects. The observation of highly ordered GBs implies that the growth process of our epitaxial graphene on SiC(0001) allows approaching local thermodynamic equilibrium closer than, for instance, CVD growth on the Cu surface, 4 which typically results in more disordered large-angle GBs. 11, 12 Indeed, the morphology of the polycrystalline graphene and the structure of GBs present in it depend strongly on the growth method used to synthesize graphene. 33 Moreover, the observation of the θ = 32.2 • symmetric GB is not surprising considering the fact that this structural motif, first predicted in Ref.
, 23 corresponds to the minimum of the GB energy vs. misorientation angle curve (E f = 0.284 eV/Å).
Ordered line defects in graphene have been predicted to exhibit novel transport phenomena originating from the conservation of momentum k || along the defect. 20, 21 Below, we reveal the transport properties of the θ = 32.2 • GB by means of a theoretical investigation. Periodicity of
which identifies this line defect structure as class Ib GB, according to the classification introduced in Ref. 20 No transport gap is expected in this case, but the two valleys τ = +1 and τ = −1
are separated in k || suggesting that this GB structure can exhibit valley polarized transport properties similar to the 5-5-8 line defect discussed previously. 21, 34 Figure 4(g) shows the ballistic charge-carrier transmission probability T (k || , E) across this GB as a function of momentum k || and energy E calculated using the non-equilibrium Green's function approach and the nearest-
. 2 The magnitude of the transmission probability T (k || , E) shows significant variations upon changing k || , and hence the incidence angle ϑ of ballistic charge carriers. This effect is particularly pronounced for electrons (E > 0) where T (k || , E) increases monotonically with increasing k || at constant E. The opposite tendency is observed for the hole charge carriers (E < 0) with the dependence practically vanishing at E ≈ −0.5 eV. The calculated valley polarization of ballistic charge carriers expressed as a function of their incidence angle ϑ P τ (ϑ , E) = T τ=+1 (ϑ , E) − T τ=−1 (ϑ , E) T τ=+1 (ϑ , E) + T τ=−1 (ϑ , E)
for several different values of energy E is shown in Fig. 4(h) . Apart from the case of high-energy hole charge carriers (E = −0.5 eV), P τ exhibits an almost linear dependence on ϑ with complete valley polarization achievable at oblique incidence angles. Such a simple dependence is largely due to the absence of strong resonant backscattering characteristic to the 5-5-8 line defect. 35 In conclusion, our combined STM and theory study reveals that grain-boundary defects in epitaxial graphene on the SiC(0001) substrate tend to form highly ordered structures. This opens novel opportunities for tailoring electronic and transport properties of graphene, in particular, for realizing valleytronic devices 36, 37 in which valley polarization is controlled by all-electric means.
In addition, the observation of a sufficiently large number of flat and corrugated grain boundaries 
